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SUMMARY
GABAA receptors are the primary inhibitory ion channels in the mammalian central nervous
system. The A322D mutation in the α1 subunit of GABAA receptors is known to result in its
degradation and reduce its cell surface expression, leading to loss of GABAA receptor function in
autosomal dominant juvenile myoclonic epilepsy. Here, we show that SAHA, a FDA-approved
drug, increases the transcription of the α1(A322D) subunit, enhances its folding and trafficking
post-translationally, increases its cell surface level, and restores the GABA-induced maximal
current in HEK293 cells expressing α1(A322D)β2γ2 receptors to 10% of that for wild type
receptors. To enhance the trafficking efficiency of the α1(A322D) subunit, SAHA increases the
BiP protein level and the interaction between the α1(A322D) subunit and calnexin. SAHA is the
first reported drug that enhances epilepsy-associated GABAA receptor proteostasis.

INTRODUCTION
The maintenance of protein homeostasis (proteostasis) in each subcellular compartment is
necessary for maintaining normal organismal physiology (Balch, et al., 2008; Hartl, et al.,
2011). The capacity and throughput of the proteostasis network needs to be adjusted to
achieve a delicate balance between protein synthesis, folding, and trafficking vs. degradation
while minimizing misfolding and aggregation (Gidalevitz, et al., 2011; Hebert, et al., 2010;
Lindquist, 1986; Schroder and Kaufman, 2005; Smith, et al., 2011; Vembar and Brodsky,
2008; Walter and Ron, 2011). Excessive protein misfolding and degradation lead to
numerous loss-of-function diseases (Guerriero and Brodsky, 2012; Hebert and Molinari,
2007).

About one third of the eukaryotic proteome, including the membrane proteome, is folded in
the endoplasmic reticulum (ER). Ion channel proteins, including GABAA receptors, are co-
translationally translocated onto the ER membrane for folding and assembly (Alder and
Johnson, 2004; Green and Millar, 1995; Skach, 2009). Cellular folding of ion channels
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requires the engagement of both the ER and the cytosolic folding machineries because ion
channels contain both the ER lumenal and cytosolic components (Braakman and Bulleid,
2011; Bukau, et al., 2006; Deuerling and Bukau, 2004; Frydman, 2001; Hartl and Hayer-
Hartl, 2002). The BiP system and the calnexin / calreticulin system are the two major
chaperone systems in the ER (Braakman and Bulleid, 2011; Dudek, et al., 2009; Hebert and
Molinari, 2012; Hebert, et al., 1995; Helenius and Aebi, 2004; Otero, et al., 2010; Rutkevich
and Williams, 2011). BiP (also termed Grp78, Gene name: HSPA5) belongs to the heat
shock protein 70 kDa (Hsp70) family. BiP binds to the hydrophobic patches of unfolded
proteins, facilitating their folding while preventing aggregation (Dudek, et al., 2009; Flynn,
et al., 1991; Otero, et al., 2010; Simons, et al., 1995). However, in association with its co-
chaperones, such as ERdj4 or ERdj5, BiP may direct terminally misfolded proteins to the
cellular degradation pathway (Dong, et al., 2008; Dudek, et al., 2009; Otero, et al., 2010;
Ushioda, et al., 2008). Upon entering the ER, proteins are glycosylated on Asn residues (in
the context of an Asn-X-Ser/Thr sequence motif) and attached with the core oligosaccharide
Glc3Man9GlcNAc2, where Glc is glucose, Man is mannose, and GlcNAc is N-
acetylglucosamine. This N-linked core oligosaccharide serves as a tag for protein maturation
(Hebert and Molinari, 2012; Helenius and Aebi, 2004). Calnexin, a membrane bound lectin
chaperone, and its soluble orthologue calreticulin assist N-linked glycoprotein folding in the
ER with the assistance of protein disulfide isomerases (PDIs) (Helenius, et al., 1997;
Rutkevich and Williams, 2011). Although BiP and calnexin were reported to interact with
the α1 subunit of GABAA receptors (Connolly, et al., 1996), their role in assisting GABAA

receptor folding and trafficking was not explored. Properly folded and assembled ion
channels will be exported out of the ER and trafficked to the Golgi, where ion channels
undergo additional complex glycosylation events and ultimately reach the plasma membrane
in a fully functional state. In the case of misfolded ion channels, the ER quality control
machinery recognizes and targets them for the ER-associated degradation (ERAD) pathway,
where misfolded ion channels are retrotranslocated into the cytosol and degraded by the
proteasome (Vembar and Brodsky, 2008).

GABAA receptors are the major inhibitory neurotransmitter-gated ion channels in the human
brain (Macdonald and Olsen, 1994) and belong to the Cys-loop receptor superfamily
(Lester, et al., 2004). GABAA receptors are pentameric, sharing common structural
characteristics with other Cys-loop receptor members (Dougherty, 2008). The most common
GABAA receptor type in the human brain is a heteropentamer, containing two α, two β, and
one γ subunits. Each subunit has four transmembrane (TM) helices (TM1-TM4, with the
TM2 domain lining the interior of the pore); a large extracellular (or the ER lumenal) N-
terminus; and an extracellular (or the ER lumenal) C-terminus. Each heteropentameric
GABAA receptor contains two GABA-binding sites. Each GABA binding site lies between
one α1 subunit and its adjacent β2 subunit and occupies the N-terminal extracellular domain.

The missense A322D mutation in the TM3 domain of the α1 subunit of GABAA receptors
leads to autosomal dominant juvenile myoclonic epilepsy (ADJME), a common form of
idiopathic generalized epilepsy representing 5-10% of all epilepsy cases (Cossette, et al.,
2002). The A322D mutation in the α1 subunit was reported to result in the misfolding of the
α1(A322D) subunit, which led to rapid degradation of the α1(A322D) subunit mainly by the
ER-associated degradation pathway (Gallagher, et al., 2007), although the misfolded
α1(A322D) subunit might be alternatively targeted to the lysosome for degradation
(Bradley, et al., 2008). The consequence is that few α1(A322D) subunits are transported to
the plasma membrane, reducing the level of functional heteropentameric GABAA receptors
in the cell membrane. As a consequence, the A322D mutation leads to substantially reduced
GABA-induced current in electrophysiological experiments. In the case of the few mutant
receptors that reach the plasma membrane, they generate GABA-induced currents with
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different electrophysiological properties compared to WT receptors (Krampfl, et al., 2005;
Lachance-Touchette, et al., 2011).

We hypothesized that we could enhance the folding and/or trafficking and thus restore
function in the case of epilepsy-associated mutant α1(A322D)β2γ2 GABAA receptors. A
number of proteostasis regulators (Balch, et al., 2008) were reported to correct protein
misfolding diseases such as cystic fibrosis and lysosomal storage diseases (Hutt, et al., 2010;
Mu, et al., 2008). Thus, we tested whether such small molecules could enhance proteostasis
of α1(A322D)β2γ2 GABAA receptors. We showed that suberoylanilide hydroxamic acid
(SAHA) and trichostatin A (TSA), potent histone deacetylase (HDAC) inhibitors, increased
the total protein level of the α1(A322D) subunit. Our data indicates that SAHA, a FDA-
approved drug that crosses the blood-brain barrier (Hockly, et al., 2003), increased the
transcription, enhanced the folding and trafficking, and partially corrected function of
epilepsy-associated α1(A322D)β2γ2 GABAA receptors, thus representing a potential avenue
for the treatment of ADJME that results from GABAA receptor misfolding.

RESULTS
SAHA increases the total protein level of α1(A322D)β2γ2 GABAA receptors.

The A322D mutation in the α1 subunit was reported to decrease both the total and cell
surface expression of the α1(A322D) subunit mainly by ERAD (Gallagher, et al., 2007). We
tested small molecules that were reported to rescue misfolded proteins in the literature,
including celastrol, a potent heat shock response activator; SAHA and TSA, potent HDAC
inhibitors; and curcumin and thapsigargin, ER Ca2+ signaling pathway regulators, for their
potential to rescue functional GABAA receptor expression. HEK293 cells stably expressing
α1(A322D)β2γ2 GABAA receptors were treated with celastrol (0.5 μM), SAHA (2.5 μM),
TSA (0.5 μM), curcumin (1 μM) or thapsigargin (0.5 μM) for 24 h. Western blot analysis
showed that both SAHA and TSA, but not other small molecules significantly increased the
total protein level of the α1(A322D) subunit (Figure S1A). The different effect between
SAHA / TSA and other small molecules might be due to their different regulation of
GABAA receptor binding chaperones. Dose-response analysis of SAHA (24 h) showed that
SAHA increased the total α1(A322D) subunit significantly at as low as 0.5 μM, and the
saturation effect of SAHA was achieved at 2.5 μM (Figure S1B). Time-course study showed
that SAHA’s effect on increasing total α1(A322D) subunit was achieved as early as 4 h and
maximized at 24 h; longer SAHA treatment didn’t further increase total α1(A322D) subunit,
which might be due to the instability of SAHA in cell culture media (Figure S1C). SAHA
treatment (2.5 μM, 24 h) or TSA treatment (0.5 μM, 24 h) increased the total protein levels
of α1, β2 and γ2 subunits in HEK293 cells expressing either WT or α1(A322D)β2γ2
GABAA receptors (Figure 1A, see Figure 1B for quantification). The total protein level of
the α1(A322D) subunit is 25% of that of the WT α1 subunit because the A322D mutation
resulted in extensive ERAD of the α1(A322D) subunit (Figure 1B). In HEK293 cells
expressing α1(A322D)β2γ2 GABAA receptors, SAHA treatment (2.5 μM, 24 h) increased
the total protein level of the α1(A322D) subunit by 5.0-fold, the β2 subunit by 2.0-fold, and
the γ2 subunit by 1.4-fold, whereas TSA treatment (0.5 μM, 24 h) increased the total protein
level of the α1(A322D) subunit by 3.0-fold, the β2 subunit by 2.7-fold, and the γ2 subunit
by 1.9-fold (Figure 1B). An increase in WT α1, β2, or γ2 subunits afforded by SAHA
treatment might be due to inefficient folding and trafficking or an increase in the synthesis
of WT subunits. However, a more dramatic increase of the total protein was observed in
HEK293 cells expressing α1(A322D) subunits than that expressing WT α1 subunits,
possibly because SAHA’s effect is more dramatic on misfolding-prone α1(A322D) subunits.
An MTT cell toxicity assay showed that SAHA treatment (2.5 μM, 24 h) of the HEK293
cells expressing either WT or α1(A322D)β2γ2 GABAA receptors did not substantially
reduce the cell viability (Figure S1D), consistent with the fact that SAHA is well-tolerated in
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the clinical trial (Kelly, et al., 2003). Quantitative RT-PCR experiment showed that SAHA
treatment (2.5 μM, 24 h) increased the mRNA level of the α1(A322D) subunit by 3.8-fold in
HEK293 cells stably expressing α1(A322D)β2γ2 GABAA receptors (Figure S1E), indicating
that SAHA treatment increased the protein synthesis load of the α1(A322D) subunit,
partially contributing to the 5.0-fold increase of the protein level of the α1(A322D) subunit.

SAHA enhances the folding and trafficking, and reduces the ERAD of the α1(A322D)
subunit post-translationally.

To determine whether the increased total α1(A322D) subunit protein after SAHA treatment
folded properly in the ER, we treated the cell lysates with endoglycosidase H (endo H)
enzyme and then analyzed them using Western blot. The endo H enzyme selectively cleaves
after asparaginyl-N-acetyl-D-glucosamine in the N-linked glycans incorporated on the α1
subunit in the ER, but it is not possible to remove this oligosaccharide chain after the high-
mannose form is enzymatically remodeled in the Golgi. Therefore, endo H resistant α1
subunit bands represent properly folded, post-ER α1 subunit glycoforms, which traffic at
least to the Golgi compartment. The Peptide-N-Glycosidase F (PNGase F) enzyme cleaves
between the innermost GlcNAc and asparagine residues from N-linked glycoproteins,
serving as a control for unglycosylated α1 subunits (Figure 1C, lane 5). After endo H
digestion, subunits with a MW equal to unglycosylated α1 subunits were considered endo
H-sensitive, whereas those with higher MW were considered endo H-resistant (Figure 1C,
lanes 2, 4, 7, and 9). There are two endo H-resistant bands because the α1 subunit has two
glycosylation sites (Asn38 and Asn138) in the ER. This is consistent with a report of the
endo H-resistant β2 subunits (Lo, et al., 2010). The upper two endo H-resistant α1(A322D)
subunit bands are 23% of those of the WT α1 subunit (Figure 1C, cf. lane 7 to lane 2).
SAHA treatment (2.5 μM, 24 h) in HEK293 cells stably expressing α1(A322D)β2γ2
GABAA receptors clearly increased the upper two endo H-resistant α1(A322D) subunit
bands (Figure 1C, cf. lane 9 to lane 7), indicating that SAHA treatment increased properly
folded, post-ER glycoforms of the α1(A322D) subunit. The ratio of endo H resistant / total
α1(A322D) serves as a measure of trafficking efficiency of the α1(A322D) subunit. SAHA
treatment (2.5 μM, 24 h) significantly increased the ratio of endo H resistant / total
α1(A322D) (Figure 1C, cf. lane 9 to lane 7, see Figure 1D for quantification), indicating that
SAHA treatment increased trafficking efficiency of the α1(A322D) subunit.

Furthermore, we used cycloheximide (CHX)-chase experiments to quantify whether SAHA
influenced the degradation rate of the α1(A322D) subunit. The α1(A322D) subunit has a
half-life of 40 min when fitted to a single exponential function (Figure 1E), consistent with
the reported [35S]methionine-chase result (Bradley, et al., 2008; Gallagher, et al., 2007).
SAHA treatment (2.5 μM, 24 h) increased the half-life of the α1(A322D) subunit from 40
min to 125 min (Figure 1E), indicating that SAHA reduced the degradation of the
α1(A322D) subunit. To determine whether SAHA influenced the proteasome degradation of
the α1(A322D) subunit, HEK293 cells stably expressing α1(A322D)β2γ2 GABAA receptors
were immunoprecipitated using anti-α1 antibody and blotted for ubiquitin. SAHA treatment
(2.5 μM, 24 h) clearly decreased the intensity of ubiquitinated α1(A322D) subunit (Figure
1F), indicating that SAHA reduced the ERAD of the α1(A322D) subunit. To determine
whether SAHA influenced the lysosomal degradation of the α1(A322D) subunit, we used a
lysosomal protease inhibitor leupeptin with or without SAHA in HEK293 cells stably
expressing α1(A322D)β2γ2 GABAA receptors. Leupeptin treatment (25 μM, 24 h) increased
the total protein level of the α1(A322D) subunit (Figure S1F), consistent with a literature
report that the lysosome is involved in the degradation of the α1(A322D) subunit (Bradley,
et al., 2008). Co-application of SAHA and leupeptin produced slightly synergistic effect to
increase the total protein level of the α1(A322D) subunit (Figure S1F), indicating that
SAHA did not influence the lysosomal degradation of the α1(A322D) subunit. To determine
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whether SAHA influenced the endocytosis of the α1(A322D) subunit, we used a dynamin 1
inhibitor dynole 34-2 with or without SAHA in HEK293 cells stably expressing
α1(A322D)β2γ2 GABAA receptors. Dynole 34-2 treatment (2.5 μM, 24 h) increased the
surface α1(A322D) subunit (Figure S1G), consistent with a literature report that the
α1(A322D) subunit undergoes dynamin-1 dependent endocytosis on the plasma membrane
(Bradley, et al., 2008). Co-application of SAHA and dynole 34-2 produced additive effect to
increase the surface α1(A322D) subunit (Figure S1G), indicating that SAHA did not
influence the dynamin-1 dependent endocytosis of the α1(A322D) subunit.

To determine whether properly folded α1(A322D) subunits after SAHA treatment were
successfully trafficked to the plasma membrane, we performed an indirect
immunofluorescence microscope experiment. The application of the anti-α1 antibody
without a prior membrane permeabilization step enables us to visualize the cell surface α1
subunit. In HEK293 cells expressing WT GABAA receptors, as expected, a substantial
amount of α1 subunit staining was observed for both total α1 subunit (Figure 1G, top row,
green) and cell surface α1 subunit (Figure 1G, top row, red). The merge between the total
α1 subunit and cell surface α1 subunit is colored yellow (Figure 1G, third column). The
A322D mutation led to very weak total α1 subunit staining (Figure 1G, second row, green)
and essentially no cell surface α1 subunit staining (Figure 1G, second row) because of
extensive ERAD. SAHA treatment (2.5 μM, 24 h) resulted in a dramatic increase in both
total α1(A322D) subunit staining (Figure 1G, third row, green) and cell surface α1(A322D)
subunit staining (Figure 1G, third row, red), indicating that SAHA treatment enhanced the
trafficking of the α1(A322D) subunit to the cell surface.

We further confirmed and quantified the increased cell surface α1 subunit level using cell
surface biotinylation and Western blot analysis. SAHA treatment (2.5 μM, 24 h) increased
the surface α1(A322D) subunit level 5.0-fold (to 49% of the surface WT α1 subunit level) in
HEK293 cells and 11.5-fold (to 137% of the surface WT α1 subunit level) in SH-SY5Y
cells expressing α1(A322D)β2γ2 GABAA receptors (Figure 1H). SAHA treatment (2.5 μM,
24 h) also modestly increased the surface WT α1 subunit in HEK293 cells or SH-SY5Y
cells stably expressing WT α1β2γ2 GABAA receptors (Figure 1H). This might be due to an
increase of the synthesis or an enhanced trafficking of WT α1 subunit.

To show that an increased trafficking efficiency of the misfolding-prone α1(A322D) subunit
was due to SAHA’s effect post-translationally and not from an increased protein synthesis
load, we carried out the following experiments. HEK293 cells were transiently transfected
with 0.2 μg or 1.0 μg of α1(A322D) plasmids for 48 h, or transfected with 0.2 μg of
α1(A322D) plasmids for 48 h and treated with SAHA for 24 h before being lysed for endo
H digestion analysis. Using these two plasmid amounts was led by a previous report,
showing that the total α1(A322D) subunit protein expression level increased linearly with
the transfected α1(A322D) plasmids from 0 – 2 μg (Ding, et al., 2010). We observed that
HEK293 cells transfected with 1.0 μg of α1(A322D) plasmids led to more total α1(A322D)
protein load than HEK293 cells transfected with 0.2 μg of α1(A322D) plasmids in the
presence or absence of SAHA (Figure 1I, cf. lane 5 to lane 3 and lane 1). However, the ratio
of endo H resistant / total α1(A322D) in HEK293 cells did not increase due to increased
amount of transfected plasmids (i.e., 0.2 μg to 1.0 μg) (Figure 1I, cf. lane 6 to lane 2, see
Figure 1J for quantification), indicating that increasing protein synthesis load of the
α1(A322D) subunit did not increase trafficking efficiency of the α1(A322D) subunit. This
was consistent with a previous report, showing that increasing protein synthesis load of
α1(A322D) subunit did not increase its cell surface expression (Ding, et al., 2010).
Furthermore, an increased trafficking efficiency of the α1(A322D) subunit afforded by
SAHA treatment in HEK293 cells transfected with 0.2 μg of α1(A322D) plasmids was in
sharp contrast to the un-increased trafficking efficiency in HEK293 cells transfected with
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1.0 μg of α1(A322D) plasmids (Figure 1I, cf. lane 4 to lane 6, see Figure 1J for
quantification), indicating that SAHA’s effect on enhancing the trafficking efficiency of the
α1(A322D) subunit was indeed a post-translational effect instead of due to increased protein
synthesis load of the α1(A322D) subunit.

A time-course study showed that SAHA (2.5 μM) increased the mRNA level of the
α1(A322D) subunit significantly after 8 h treatment, but not before 6 h treatment using
quantitative RT-PCR analysis in HEK293 cells expressing α1(A322D)β2γ2 GABAA

receptors (Figure 1K). However, SAHA (2.5 μM) increased the ratio of endo H resistant /
total α1(A322D) subunit significantly as early as 3 h treatment (Figure 1L, see Figure 1M
for quantification), indicating that an increased trafficking efficiency of the α1(A322D)
afforded by SAHA occurred before an increased transcriptional level of the α1(A322D).
Similar case was reported: SAHA did not increase the transcription of ΔF508 CFTR before 8
h treatment while SAHA increased mature ΔF508 CFTR protein level as early as after 4 h
treatment (Hutt, et al., 2010). Therefore, our result is consistent with SAHA's effect on
increasing the trafficking efficiency of the misfolding-prone α1(A322D) subunit post-
translationally.

SAHA significantly increases the peak amplitude of GABA-induced chloride currents in
HEK293 cells expressing α1(A322D)β2γ2 GABAA receptors.

The A322D mutation in the α1 subunit leads to significantly lowered peak amplitude of
GABA-induced currents in whole-cell patch-clamp electrophysiological experiments
(Krampfl, et al., 2005; Lachance-Touchette, et al., 2011). In our whole-cell patch-clamp
experimental setup, dose-response analysis showed that the EC50 value (the concentration of
a drug that yields 50% of its maximal current) of GABA was 12.7 ± 4.5 μM (Figure S2) in
HEK293 cells expressing WT α1β2γ2 GABAA receptors, consistent with the reported EC50
value of 11.2 ± 0.6 μM (Krampfl, et al., 2005). Without drug treatment, the peak current was
1.0 ± 0.4 pA in response to GABA (3 mM) in HEK293 cells expressing α1(A322D)β2γ2
GABAA receptors, and 138 ± 12 pA in response to GABA (1 mM) in HEK293 cells
expressing WT α1β2γ2 GABAA receptors (Figure 2A). The activation and desensitization
kinetics are different between WT and α1(A322D)β2γ2 GABAA receptors, consistent with
the literature report (Krampfl, et al., 2005; Lachance-Touchette, et al., 2011). SAHA (2.5
μM, 24 h) treatment significantly increased the GABA-induced peak current to 14 ± 3 pA in
HEK293 cells expressing α1(A322D)β2γ2 GABAA receptors (Figure 2A), amounting to
10% of the GABA-induced peak current in HEK293 cells expressing WT GABAA receptors.
Quantification of the GABA-induced currents is shown in Figure 2B. These data indicate
that SAHA partially restored the function of epilepsy-associated α1(A322D)β2γ2 GABAA

receptors. Acute application of SAHA (2.5 μM, 1 min) in the external perfusion recording
media to HEK293 cells expressing GABAA receptors during the whole-cell patch-clamp
experiment did not significantly change the GABA-induced peak current (data not shown),
indicating that SAHA did not act as an agonist/antagonist for GABAA receptors and its
function required transcriptional and/or post-translational events.

SAHA increases BiP level in HEK293 cells expressing α1(A322D)β2γ2 GABAA receptors
without an apparent activation of the IRE1 arm of the unfolded protein response.

We hypothesized that SAHA partially corrects the folding deficiency of the α1(A322D)
subunit by regulating the expression and/or activity of molecular chaperones in the ER and/
or the cytoplasm because the α1(A322D) subunit has both ER lumen and cytoplasmic
domains. We tested whether SAHA treatment altered the protein level of major molecular
chaperones in the cytoplasm (Hsp70 and Hsp90) and in the ER (calnexin, calreticulin, Grp94
and BiP) and proteins that are involved in the ERAD pathway (Bag2 and Derlin 1). Only the
protein level of BiP was significantly upregulated by SAHA treatment (2.5 μM, 24 h): BiP
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protein level was increased by 2.7-fold in HEK293 cells expressing WT GABAA receptors
and 2.1-fold in HEK293 cells expressing α1(A322D)β2γ2 GABAA receptors (Figures 3A
and 3B). Furthermore, the mRNA level of BiP was increased by 5.6-fold in HEK293 cells
expressing WT GABAA receptors and 7.6-fold in HEK293 cells expressing α1(A322D)β2γ2
GABAA receptors after SAHA treatment (2.5 μM, 24 h) using quantitative RT-PCR analysis
(Figure 3C), indicating that SAHA increased the BiP level mainly through transcriptional
regulation.

HSPA5 (Gene name of BiP) is an important target gene in the activation of the unfolded
protein response (UPR), which is a well-established ER stress responsive pathway (Schroder
and Kaufman, 2005; Walter and Ron, 2011). The ER responds to the accumulation of
unfolded proteins by activating up to three integrated intracellular signaling pathways
(IRE1, ATF6 and PERK), collectively referred to as the UPR. The UPR regulates the
expression of numerous genes comprising the cellular proteostasis pathways (Adachi, et al.,
2008; Lee, et al., 2003; Okada, et al., 2002). Because HSPA5 is a target of the IRE1 arm of
the UPR, we tested whether SAHA treatment increased BiP mRNA level by activating the
IRE1 arm. IRE1 responds to stress by oligomerization, resulting in trans-
autophosphorylation that activates its endonuclease function, which precisely splices the
mRNA that encodes the transcription factor XBP1 (Schroder and Kaufman, 2005; Walter
and Ron, 2011). We used RT-PCR to detect the spliced form of Xbp-1 in HEK293 cells
expressing α1(A322D)β2γ2 GABAA receptors after an incubation with SAHA (2.5 μM).
SAHA treatment did not led to the splicing of XBP1, indicating no activation of the IRE1
arm of the UPR (Figure 3D). Used as a positive control, thapsigargin (Tg, 0.5 μM, 6 h)
resulted in XBP1 splicing (Figure 3D, lanes 2 and 6, bottom band, white pound). Therefore,
SAHA used another pathway to regulate the mRNA level of BiP (see below, and Figure 6C).
Tg (0.5 μM) and tunicamycin (Tm, 10 μg/ mL), potent UPR inducers, increased the protein
level of BiP, but not calnexin (Figures S3A and S3B), indicating that in HEK293 cells
expressing α1(A322D)β2γ2 GABAA receptors, activation of the IRE1 arm did not increase
calnexin protein level.

SAHA enhances the interaction between BiP and the α1 subunit in the ER, and BiP
promotes GABAA receptor folding and trafficking.

BiP, an abundant ER resident Hsp70 family chaperone, binds to hydrophobic patches of
unfolded proteins and facilitates their folding while preventing aggregation (Rudiger, et al.,
1997). Because BiP binds GABAA receptors (Connolly, et al., 1996), which have large ER
lumenal components, we continued to test whether SAHA enhanced the interaction between
BiP and the α1 subunit in the ER. HEK293 cells that express WT or α1(A322D)β2γ2
GABAA receptors were treated with DMSO vehicle control or SAHA (2.5 μM, 24 h), and
the ER fractions were enriched. Clearly, SAHA treatment (2.5 μM, 24 h) significantly
increased the ratio of immunoprecipitated BiP / α1 by 21-fold in HEK293 cells expressing
WT α1β2γ2 GABAA receptors and 2.9-fold in HEK293 cells expressing α1(A322D)β2γ2
GABAA receptors (Figure 4A, cf. lane 2 to lane 1, and lane 4 to lane 3, see Figure 4B for
quantification), indicating that SAHA treatment enhanced the interaction between α1
subunits and BiP in the ER. We also performed a reverse immunoprecipitation experiment,
confirming that SAHA treatment enhanced the interaction between the α1(A322D) subunit
and BiP (Figure 4C). However, whether an enhanced interaction between BiP and the
α1(A322D) subunit promotes the maturation of the α1(A322D) subunit merits further study.

Because BiP can either promote its client protein folding or target its client protein for
degradation, we tested how overexpression or knockdown of BiP influenced the protein
homeostasis of the α1 subunit. A 2.8-fold overexpression of BiP significantly increased the
ratio of endo H-resistant α1 / total α1 subunit by 1.3-fold in HEK293 cells expressing WT
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α1β2γ2 GABAA receptors (Figure 4D, cf. lane 4 to lane 2), and a 2.6-fold overexpression of
BiP significantly increased the ratio of endo H-resistant α1 / total α1 subunit by 3.0-fold in
HEK293 cells expressing α1(A322D)β2γ2 GABAA receptors (Figure 4D, cf. lane 9 to lane
7) (see Figures 4E and 4F for quantification), indicating that BiP overexpression increased
the trafficking efficiency of the α1 subunit. Knockdown of BiP (69% knockdown efficiency)
clearly decreased the intensity of endo H-resistant α1(A322D) subunit (Figure 4G, cf. lane 9
to lane 7), and knockdown of BiP (71% knockdown efficiency) significantly decreased the
ratio of endo H resistant α1 / total α1 subunit (Figure 4G, cf. lane 4 to lane 2, see Figures 4H
and 4I for quantification), indicating that BiP knockdown decreased the trafficking
efficiency of the α1 subunit. Therefore, BiP promotes the folding and maturation of the α1
subunit. Because SAHA increases the BiP expression (Figure 3A) and BiP overexpression
enhances the maturation of the α1(A322D) subunit (Figure 4D), SAHA enhances the
maturation of the α1(A322D) subunit by increasing the BiP level.

SAHA enhances the interaction between calnexin and the α1 subunit, and calnexin
promotes GABAA receptor folding and trafficking in a glycan-dependent way.

Because the α1 subunit is a glycoprotein and calnexin (CNX) and calreticulin are major
lectin chaperones in the ER that assist glycosylated protein folding (Helenius, et al., 1997),
we tested whether the folding of the α1 subunit was facilitated by calnexin and/or
calreticulin in addition to BiP in the ER. Although SAHA did not increase the protein level
of calnexin or calreticulin (Figure 3A), we hypothesized that SAHA increased the
interaction between the α1 subunit and calnexin and/or calreticulin to enhance the folding of
the α1 subunit. Using enriched ER fractions for immunoprecipitation, SAHA treatment (2.5
μM, 24 h) significantly increased the ratio of immunoprecipitated calnexin / α1 by 3.3-fold
in HEK293 cells expressing WT α1β2γ2 GABAA receptors and 1.5-fold in HEK293 cells
expressing α1(A322D)β2γ2 GABAA receptors (Figure 5A, cf. lane 2 to lane 1, and lane 4 to
lane 3, see Figure 5B for quantification), indicating that SAHA treatment enhanced the
interaction between the α1 subunit and calnexin. We also performed a reverse
immunoprecipitation experiment, confirming that SAHA treatment enhanced the interaction
between the α1(A322D) subunit and calnexin (Figure 5C). However, an interaction was not
detected between the α1(A322D) subunit and endogenous calreticulin or overexpressed HA-
tagged calreticulin (Figure S4).

Overexpression of calnexin significantly increased the ratio of endo H-resistant / total α1
subunit by 1.3-fold in HEK293 cells expressing WT α1β2γ2 GABAA receptors (Figure 5D,
cf. lane 4 to lane 2) and 2.7-fold in HEK293 cells expressing α1(A322D)β2γ2 GABAA

receptors (Figure 5D, cf. lane 9 to lane 7) (see Figures 5E and 5F for quantification),
indicating that calnexin overexpression increased the trafficking efficiency of the α1
subunit. Therefore, calnexin promotes the folding and trafficking of the α1 subunit. To
explore how the interaction between calnexin and the α1(A322D) subunit influences the
α1(A322D) subunit folding, HEK293 cells expressing α1(A322D)β2γ2 GABAA receptors
were transfected with calnexin or calreticulin for 48 h and treated with SAHA (2.5 μM, 24
h). SAHA treatment significantly increased the ratio of immunoprecipitated calnexin /
α1(A322D) (Figure 5G, cf. lane 3 to lane 2, see Figure 5H for quantification), whereas no
interaction was detected between the α1(A322D) subunit and overexpressed HA-tagged
calreticulin after SAHA treatment (Figure S4, lane 3). This is consistent with SAHA’s role
in promoting the maturation of the α1(A322D) subunit by enhancing the interaction between
the α1(A322D) subunit and calnexin (also see below, Figure 5I).

Furthermore, we asked whether calnexin used a glycan-dependent pathway to promote the
α1(A322D) subunit folding in the ER. Upon entering the ER, at two glycosylation sites
(Asn38 and Asn138), the α1 subunit is attached with the core oligosaccharide
Glc3Man9GlcNAc2. The outmost two glucoses are removed by glucosidase I and II, which
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generates the monoglucosylated oligosaccharide Glc1Man9GlcNAc2, a substrate for
calnexin. The N38Q/N138Q double mutations in α1(A322D) would prevent a glycan-
dependent binding of calnexin to the N38Q/N138Q mutant α1(A322D) subunit. The N38Q/
N138Q mutant α1(A322D) subunit had a lower molecular weight than the α1(A322D)
subunit (Figure 5I, cf. lane 2 to lane 1), presumably due to loss of glycans. The N38Q/
N138Q mutations significantly decreased the ratio of immunoprecipitated calnexin /
α1(A322D) in HEK293 cells (Figure 5I, cf. lane 2 to lane 1, see Figure 5J for
quantification), indicating that calnexin partially binds to N-glycans of the α1(A322D)
subunit. SAHA treatment did not significantly change the ratio of immunoprecipitated
calnexin / N38Q/N138Q mutant α1(A322D) subunit (Figure 5I, cf. lane 3 to lane 2, see
Figure 5J for quantification), indicating that a glycan-binding activity of calnexin is
important in regulating SAHA’s function to promote α1(A322D) subunit folding.

SAHA decreases HDAC7 protein level, and HDAC7 knockdown increases protein level of
cell surface α1(A322D) subunit and BiP.

SAHA was reported to selectively suppress HDAC7 expression (Dokmanovic, et al., 2007),
and HDAC7 plays a central role in regulating SAHA’s function of rescuing mutant CFTR
(Hutt, et al., 2010). However, how HDAC7 influences protein folding in the ER was not
well understood. Therefore, we continued to test the role of HDAC7 in restoring GABAA

receptor function, possibly by regulating BiP level. SAHA decreased HDAC7 protein level
in a dose-dependent manner from 0.5 – 10 μM in HEK293 cells stably expressing
α1(A322D)β2γ2 GABAA receptors (Figures 6A and 6B). HDAC7 knockdown (87%
knockdown efficiency) significantly increased the protein level of cell surface α1(A322D)
subunit (Figures 6C and 6D) and total α1(A322D) subunit (data not shown), indicating that
HDAC7 regulated the protein synthetic load of the α1(A322D) subunit. Knockdown of
HDAC7 significantly increased BiP protein level in HEK293 cells expressing
α1(A322D)β2γ2 GABAA receptors (Figures 6C and 6D), indicating that HDAC7 could
enhance the surface expression of the α1(A322D) subunit partially by upregulating BiP
expression. This also implies that SAHA treatment increased the BiP level by suppressing
HDAC7 without an apparent induction of the IRE1 arm of the UPR (Figure 3D).

DISCUSSION
Here, we reported that SAHA enhances epilepsy-associated α1(A322D)β2γ2 GABAA

receptor proteostasis. The plasma concentration of SAHA in the context of Phase I clinical
trials exceeded 2.5 μM (Kelly, et al., 2003). Thus, our finding that at 2.5 μM, SAHA
effectively partially restored epilepsy-associated α1(A322D)β2γ2 GABAA receptor
proteostasis (Figures 1 and 2) may be clinical significant. As SAHA at this concentration
only restores a GABA-induced maximal current in HEK293 cells expressing
α1(A322D)β2γ2 receptors to 10% of that in HEK293 cells expressing wild type receptors, it
needs to be evaluated whether this will have a significant in vivo effect. Seizures are
threshold events. A small change in GABAA receptor functions, for example by the
application of a GABAA receptor antagonist called bicuculline, can change the seizure
threshold (Hentschke, et al., 2006). The conversion of an essentially non-functional
α1(A322D)β2γ2 receptor to a receptor with 10% wild type receptor function may change a
seizure threshold to a clinically beneficial level. SAHA did not rescue trafficking-deficient
mutant hERG channel folding and trafficking (unpublished data), indicating that SAHA has
certain selectivity in enhancing GABAA receptor folding. As SAHA crosses the blood-brain
barrier (Hockly, et al., 2003), is well tolerated in our cell culture study and in clinical trials,
and only 8% of genes are significantly changed after SAHA treatment in numerous cell lines
by DNA microarray analysis (Glaser, et al., 2003), this makes it a promising test candidate
for the amelioration of idiopathic epilepsy resulting from GABAA receptor misfolding.
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GABAA receptors are heteropentameric receptors. The missense A322D mutation is in the
TM3 domain of the α1 subunit, close to the cytosolic part. The introduction of a negative
charge in TM3 leads to a collapse of the TM3 helix from the ER membrane, which triggers
the misfolding and degradation of the whole α1(A322D) subunit. SAHA treatment increased
the population of properly folded α1(A322D) subunits, which will assemble efficiently with
β2 and γ2 subunits. Fully assembled GABAA receptors will be able to traffic to the plasma
membrane for their function. The A322D mutation in the α1 subunit has a dominant
negative effect, leading to reduced cell surface expression of WT α1 subunit as well as WT
α3 subunits by associating with those WT subunits in the ER and trapping them in the ER
for degradation (Ding, et al., 2010). Therefore, simple introduction of WT α1 subunit into
patients with the A322D mutation might not prevent the seizure symptoms. It might be
necessary to rescue the misfolding behavior of the α1(A322D) subunit in the ER per se to
restore its function.

Although SAHA was reported to enhance proteostasis of mutant CFTR (Hutt, et al., 2010),
lysosomal glucocerebrosidase (Lu, et al., 2011), and α1-antitrypsin (Bouchecareilh, et al.,
2012), the proposed mechanism was very different. In restoration of the function of ΔF508
CFTR, SAHA was shown to mainly use the HDAC7 pathway without activation of the UPR
or heat shock response; SAHA did not increase the BiP protein level, and the interaction
between CFTR and calnexin was not explored in CFBE40o- cells stably expressing ΔF508
CFTR (Hutt, et al., 2010). In restoration of the function of L444P glucocerebrosidase
(GCase), SAHA was shown to decrease the interaction between L444P GCase and Hsp90,
but not Hsp70 or TCP1; however, the role of SAHA’s effect on ER chaperones was not
explored although the folding of L444P GCase occurs in the ER (Lu, et al., 2011). In
restoration of the function of Z-variant of α1-antitrypsin (Z-α1AT), SAHA was shown to act
by reducing the interaction between Z-α1AT and calnexin, and calnexin silencing restored
Z-α1AT maturation; SAHA did not increase the BiP protein level in HCT116 cells stably
expressing Z-α1AT (Bouchecareilh, et al., 2012). Here, we showed that SAHA enhanced
GABAA receptor folding and trafficking by increasing the BiP protein level and enhancing
the interaction between the α1(A322D) subunit and calnexin. An increased expression of
BiP by SAHA was not reported in cells expressing other misfolded proteins; SAHA
increased BiP level by inhibiting HDAC7 (Figure 6C). A decreased interaction between
calnexin and the α1(A322D) subunit was shown to reduce the maturation of the α1(A322D)
subunit (Figure 5I), and calnexin overexpression promoted the α1(A322D) subunit
maturation (Figure 5D). This is in contrast to the Z-α1AT case, indicating that the role of
calnexin in assisting protein folding might depend on its specific client protein. It was
reported that calnexin has a potential acetylation site at Lys137 (Choudhary, et al., 2009); it
will be intriguing to explore how SAHA increased the interaction between α1(A322D)
subunit and calnexin, which might be by inhibiting HDACs in the ER. The critical
involvement of ER chaperones to assist the folding of the α1 subunit might partially be due
to the topology of the α1 subunit: the α1 subunit has a large 224-residue ER lumen N-
terminus. This is in contrast to the topology of CFTR, which has relatively short ER lumen
components.

In a biological system, the protein quality control machinery is finely tuned to meet the
demand of protein synthesis, folding, trafficking and degradation (Balch, et al., 2008). Our
results showed that an increased protein load did not lead to an increased protein trafficking
efficiency for misfolding-prone α1(A322D) subunits (Figure 1I). Similar case was reported:
increasing protein synthesis of R752W hERG channels using the 4-PBA small molecule did
not restore their maturation (Ficker, et al., 2000). Simply overloading newly synthesized
misfolding-prone proteins in the ER itself is not sufficient to enhance their trafficking
efficiency or maturation. Therefore, to rescue a misfolding-prone α1(A322D) subunit, it is
important to rescue the misfolding behavior of the α1(A322D) subunit in the ER per se.
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SAHA increased the transcriptional level and thus newly synthesized protein load of the
α1(A322D) subunit (Figure S1E). Furthermore, SAHA enhanced the folding and trafficking
of the α1(A322D) subunit post-translationally by promoting BiP and calnexin-assisted
folding in the ER (Figures 1, 4 and 5). Therefore, SAHA increased both the transcription
and the trafficking efficiency of the α1(A322D) subunit, leading to greater rescue of
functional α1(A322D)β2γ2 GABAA receptors on the plasma membrane (Figure 2) than
either effect alone.

SIGNIFICANCE
We reported that SAHA, a FDA-approved drug that crosses the blood-brain barrier,
enhances the function of epilepsy-associated α1(A322D)β2γ2 GABAA receptors. The
A322D mutation in the α1 subunit resulted in extensive ERAD of the α1(A322D) subunit
and loss of function of GABAA receptors. SAHA enhanced the folding and trafficking of the
α1(A322D) subunit post-translationally by promoting BiP and calnexin-assisted folding in
the ER in addition to its role in increasing the transcription of the α1(A322D) subunit. This
significantly restored partial function of α1(A322D)β2γ2 GABAA receptors on the plasma
membrane, which suggests SAHA’s promise to ameliorate ADJME resulting from GABAA

receptor misfolding. We also reported that both BiP and calnexin, two abundant ER
chaperones, are sufficient to promote the α1(A322D) subunit folding in the ER. Therefore,
we might be able to target BiP or calnexin to enhance GABAA receptor proteostasis, which
might be extended to treat a number of protein misfolding diseases.

EXPERIMENTAL PROCEDURES
Cycloheximide-chase assay

HEK293 cells stably expressing α1(A322D)β2γ2 GABAA receptors were seeded at 2.5 × 105

cells per well in 6-well plates and incubated at 37°C overnight. Cells were then treated with
SAHA for 24 h prior to cycloheximide-chase. To stop protein translation, cells were treated
with 100 μg/mL cycloheximide (Ameresco). Cells were then chased for the indicated time,
harvested, and lysed.

Confocal Immunofluorescence
The labeling of cell surface and total α1 subunits and confocal immunofluorescence
microscopy analysis were performed according to published procedure (Eshaq, et al., 2010).
See Extended Experimental Procedures for detail.

Biotinylation of Cell Surface Proteins
Cells were plated in 10-cm dishes for surface biotinylation experiments according to
published procedure (Lachance-Touchette, et al., 2011). See Extended Experimental
Procedures for detail.

Whole-Cell Patch Clamp Electrophysiology Recording
Whole-cell currents were recorded 48 h post transfection using HEK293 cells using
published procedure (Eshaq, et al., 2010). See Extended Experimental Procedures for detail.

Quantitative RT-PCR
The relative expression levels of target genes were analyzed using quantitative RT-PCR
according to published procedure (Mu, et al., 2008). See Extended Experimental Procedures
for detail.
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RT-PCR Analysis of Xbp-1 Splicing
After reverse transcription, PCR reactions were performed using cDNA, Taq DNA
polymerase, and primers against XBP1 and GAPDH (listed in Table S1). PCR products were
separated on a 2.5% agarose gel. Unspliced Xbp-1 yielded a 289 bp amplicon, and spliced
Xbp-1 yielded a 263 bp amplicon.

Western blot band intensity quantification
We used NIH image J software to quantify the Western blot band intensity, following the
step-by- step instructions from http://lukemiller.org/index.php/2010/11/analyzing-gels-and-
western-blots-with-image-j. This quantification method has been widely used (Lafon, et al.,
2012).

Statistical analysis
All data are presented as mean ± SEM, and any statistical significance was calculated using
two-tailed Student’s t-Test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• SAHA enhances α1(A322D)β2γ2 GABAA receptor folding, trafficking and
function

• SAHA increases the trafficking efficiency of α1(A322D) subunit post-
translationally

• BiP promotes GABAA receptor folding in the ER

• • Calnexin promotes GABAA receptor folding in the ER in a glycan-dependent
way
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Figure 1.
SAHA enhances the folding and trafficking of the α1(A322D) subunit in cells stably
expressing epilepsy-associated α1(A322D)β2γ2 GABAA receptors.
(A and B) SAHA (2.5 μM, 24 h) or TSA (0.5 μM, 24 h) increases the total protein level of
α1, β2, and γ2 subunits in HEK293 cells stably expressing WT α1β2γ2 or α1(A322D)β2γ2
GABAA receptors (n = 3) (A). The chemical structures of SAHA and TSA are shown on left
of (A). Quantification is shown in (B). IB: immunoblotting.
(C and D) SAHA (2.5 μM, 24 h) increases the endo H-resistant post-ER glycoform of the α1
subunit in HEK293 cells stably expressing WT α1β2γ2 or α1(A322D)β2γ2 GABAA

receptors (n = 3) (C). PNGase F treatment serves as a control for unglycosylated α1 subunit.
Quantification of the ratio of endo H-resistant / total α1subunit bands is shown in (D).
(E) SAHA (2.5 μM, 24 h) decreases the degradation rate of the α1(A322D) subunit in
HEK293 cells stably expressing α1(A322D)β2γ2 GABAA receptors using cycloheximide
(CHX) pulse-chase analysis.
(F) SAHA (2.5 μM, 24 h) decreases ubiquitinated α1(A322D) subunit in HEK293 cells
stably expressing α1(A322D)β2γ2 GABAA receptors.
(G) SAHA (2.5 μM, 24 h) increases the α1(A322D) subunit surface expression in HEK293
cells stably expressing α1(A322D)β2γ2 GABAA receptors using indirect
immunofluorescence analysis (n = 3).
(H) SAHA (2.5 μM, 24 h) increases the surface protein expression of the α1 subunit in
HEK293 cells and SH-SY5Y cells stably expressing WT α1β2γ2 or α1(A322D)β2γ2
GABAA receptors according to surface biotinylation analysis (n = 3).
(I and J) An increased protein synthesis load of the misfolding-prone α1(A322D) subunit
does not lead to increased trafficking efficiency of the α1(A322D) subunit. HEK293 cells
were transiently transfected with 0.2 μg or 1.0 μg of α1(A322D) plasmids for 48 h or
transfected with 0.2 μg of α1(A322D) plasmids for 48 h and treated with SAHA (2.5 μM, 24
h) together with same amount of β2 and γ2 subunit plasmids before being lysed for endo H
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digestion analysis (I). Quantification is shown in (J). Because of the large dynamic range of
blot intensity, for clear visualization, we put the same blot under three different exposure
times to quantify the trafficking efficiency of the α1(A322D) subunit under three different
conditions. We used the three black-boxed regions in Figure 1I to achieve accurate
quantification with appropriate exposure.
(K) SAHA (2.5 μM) increases the mRNA level of the α1(A322D) subunit significantly after
8 h treatment, but not before 6 h treatment using quantitative RT-PCR analysis in HEK293
cells expressing α1(A322D)β2γ2 GABAA receptors. NS: not significant.
(L and M) SAHA (2.5 μM) increases the ratio of endo H resistant / total α1(A322D) subunit
significantly as early as 3 h treatment (L). Quantification is shown in (M).
Each data point in (B) (D) (E) (H) (J) (K) and (M) is reported as mean ± SEM. * p < 0.05
See also Figure S1.
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Figure 2.
SAHA (2.5 μM, 24 h) increases the peak amplitude of GABA-induced chloride currents in
HEK293 cells expressing α1(A322D)β2γ2 GABAA receptors. Representative whole-cell
patch clamping recording traces in HEK293 cells expressing WT or α1(A322D)β2γ2
GABAA receptors are shown in (A), and quantification of the peak currents is shown in (B).
Each point is reported as mean ± SEM. ** p < 0.01 See also Figure S2.
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Figure 3.
SAHA increases the protein and mRNA level of BiP without an apparent induction of the
XBP1 splicing.
(A and B) SAHA (2.5 μM, 24 h) only increases the protein level of BiP among tested major
ER and cytosolic chaperones and ERAD factors in HEK293 cells stably expressing WT
α1β2γ2 or α1(A322D)β2γ2 GABAA receptors (n = 3) (A). Quantification is shown in (B).
(C) AHA (2.5 μM) increases the mRNA level of BiP using quantitative RT-PCR analysis.
(D) SAHA (2.5 μM) does not induce the splicing of XBP1 using RT-PCR analysis.
Thapsigargin (Tg) is used as a positive control to induce XBP1 splicing. GAPDH is used as a
loading control. Each data point in (B) and (C) is reported as mean ± SEM. * p < 0.05 See
also Figure S3 and Table S1.
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Figure 4.
SAHA enhances the interaction between BiP and the α1 subunit, and BiP promotes the α1
subunit folding in the ER.
(A and B) SAHA treatment (2.5 μM, 24 h) enhances the interaction between the α1 subunit
and BiP in HEK293 cells stably expressing WT α1β2γ2 or α1(A322D)β2γ2 GABAA

receptors. Quantification of the relative intensity of BiP/α1 is shown in (B).
(C) Reverse immunoprecipitation confirms that SAHA treatment enhances the interaction
between the α1(A322D) subunit and BiP.
(D, E and F) BiP overexpression increases endo H-resistant post-ER glycoform of the α1
subunit (n = 3) (D). PNGase F treatment serves as a control for unglycosylated α1 subunit.
Quantification of the ratio of endo H-resistant / total α1 subunit bands is shown in (E), and
quantification of BiP overexpression is shown in (F). EV: empty vector.
(G, H and I) BiP knockdown decreases endo H-resistant post-ER glycoform of the α1
subunit (n = 3) (G). Quantification of the ratio of endo H-resistant / total α1 subunit bands is
shown in (H), and quantification of BiP knockdown is shown in (I). NT: non-targeting.
Each data point in (B), (C), (E), (F), (H) and (I) is reported as mean ± SEM. * p < 0.05
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Figure 5.
SAHA enhances the interaction between calnexin and the α1 subunit, and calnexin (CNX)
promotes the α1 subunit folding in the ER.
(A and B) SAHA treatment (2.5 μM, 24 h) enhances the interaction between the α1 subunit
and calnexin in HEK293 cells stably expressing WT α1β2γ2 or α1(A322D)β2γ2 GABAA

receptors. Quantification of the relative intensity of calnexin/ α1 is shown in (B).
(C) Reverse immunoprecipitation confirms that SAHA treatment (2.5 μM, 24 h) enhances
the interaction between the α1(A322D) subunit and calnexin.
(D, E and F) CNX overexpression increases endo H-resistant post-ER glycoform of the α1
subunit (n = 3) (D). PNGase F treatment serves as a control for unglycosylated α1 subunit.
Quantification of the ratio of endo H-resistant / total α1 subunit bands is shown in (E), and
quantification of CNX overexpression is shown in (F). EV: empty vector.
(G and H) SAHA treatment (2.5 μM, 24 h) enhances the interaction between the α1(A322D)
subunit and overexpressed calnexin in HEK293 cells expressing α1(A322D)β2γ2 GABAA

receptors (G). Quantification of the blots is shown in (H).
(I and J) Calnexin interacts with the α1(A322D) subunit in a glycan-dependent way. The
N38Q/N138Q mutations in the α1(A322D) subunit disrupt the interaction between the N-
glycans in the α1(A322D) subunit and calnexin (I). SAHA treatment does not change the
interaction between the N38Q/N138Q mutant α1(A322D) subunit and calnexin (I).
Quantification of the blots is shown in (J). NS: not significant.
Each data point in (B), (C), (E), (F), (H) and (J) is reported as mean ± SEM. * p < 0.05 See
also Figure S4.
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Figure 6.
Effect of SAHA on HDAC7 in HEK293 cells expressing α1(A322D)β2γ2 GABAA

receptors.
(A and B) SAHA treatment (24 h) decreases the HDAC7 protein level in a dose-dependent
manner (A). Quantification is shown in (B).
(C and D) HDAC7 knockdown increases the protein level of cell surface α1(A322D)
subunit and BiP. HEK293 cells expressing α1(A322D)β2γ2 GABAA receptors were
transfected with siRNA against HDAC7 or non-targeting (NT) control for 48 h before
protein analysis (C). Quantification is shown in (D).
Each data point in (B) and (D) is reported as mean ± SEM. * p < 0.05
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